The time-varying characteristic of the bias in the GPS code observation is investigated using triple-frequency observations. The method for estimating the combined code bias is presented and the twelve-month (1 January-31 December 2016) triple-frequency GPS data set from 114 International GNSS Service (IGS) stations is processed to analyze the characteristic of the combined code bias. The results show that the main periods of the combined code bias are 12, 8, 6, 4, 4.8 and 2.67 h. The time-varying characteristic of the combined code bias, which is the combination of differential code bias (DCB) (P1-P5) and DCB (P1-P2), shows that the real satellite DCBs are also time-varying. The difference between the two sets of the computed constant parts of the combined code bias, with the IGS DCB products of DCB (P1-P2) and DCB (P1-P2) and the mean of the estimated 24-h combined code bias series, further show that the combined code bias cannot be replaced by the DCB (P1-P2) and DCB (P1-P5) products. The time-varying part of inter-frequency clock bias (IFCB) can be estimated by the phase and code observations and the phase based IFCB is the combinations of the triple-frequency satellite uncalibrated phase delays (UPDs) and the code-based IFCB is the function of the DCBs. The performances of the computed the IFCB with different methods in single point positioning indicate that the accuracy for the constant part of the combined code bias is reduced, when the IGS DCB products are used to compute. These performances also show that the time-varying part of IFCB estimated with phase observation is better than that of code observation. The predicted results show that 98% of the predicted constant part of the combined code bias can be corrected and the attenuation of the predicted accuracy is much less evident. However, the accuracy of the predicted time-varying part decreases significantly with the predicted time.
Introduction
There are biases between Global navigation satellite system (GNSS) different observations due to effects of space environment and frequency-dependent signal hardware delays at the satellite and the receiver. The GNSS biases are generally analyzed and investigated based on the redundant observations and the geometry-free observations. They can be classified into two types of code and phase observations and have obtained much attention from many authors and this area of research has deeply developed in recent years [1] . The differential code bias (DCB) is one of the biases referring to codes modulated on difference carriers or on the same carrier. The DCB (P1-P2) is the most common bias between the P1 and P2 observations [2] [3] [4] . The DCB (P1-P2) includes receiver and satellite parts and is generally estimated together with the ionosphere model parameters using GNSS code geometry-free combination from ground networks stations [5, 6] . Its accuracy is easily affected by the pre-set ionosphere model (e.g., polynomials and spherical harmonics) errors and the noise of the code observations. The ionosphere model parameters are also estimated using the raw observations based precise point positioning (PPP) [7] . In this method, the phase and code observations are used to estimate the ionosphere model parameters, but the receiver DCB (P1-P2) was just computed and the satellite DCB (P1-P2) was corrected using International GNSS Service (IGS) [8] products. Most of the GNSS biases, for example the DCB (P1-P2), DCB (C1-P1) [9] and the inter-system bias (ISB) of phase observation [10] are considered and computed as constant values and a daily or weekly constant is provided. Some of the time-varying biases are noticed as the cognition of GNSS and its observations deepen in recent years. The time-varying uncalibrated phase delay (UPD) of narrow lane is analyzed so that it is computed with a step-size of 15 min [11] . The carrier-phase inter-frequency biases (IFB) of GLONASS receivers are computed and their variation is analyzed [12, 13] , the short-term temporal variations of receiver differential phase biases are estimated, and their characteristics are discussed. The time-varying triple-frequency GPS satellite inter-frequency clock bias (IFCB) is investigated [14] [15] [16] using the triple-frequency GPS observations. Then the GPS biases, which have the periodic and time-varying characteristic, are gradually noted and analyzed.
The biases, especially the time-varying bias, in the code observation not only affect the accuracy of the code observation but also the high-quality float ambiguity solution. This requires rigorous modeling of all error sources affecting carrier phase and code observations in PPP data processing, and the corresponding bias should be precisely calibrated for code-based positioning [17] [18] [19] , timing [20] , and ionosphere modeling [21] [22] [23] . Currently, the code biases, for example the DCB (P1-P2) of the satellites and receivers, are estimated as constant values for each day and have been routinely published by individual Ionospheric Associate Analysis Center (IAAC, including CODE, JPL, UPC, and ESA) of the IGS since 1998 [24] . Zhong et al. [25] analyzed the long-term variation of the estimated DCB and drew the conclusion that this variation is mainly associated with GPS satellite replacement using the DCB products. Choi and Lee [26] discussed the influence of grounding on GPS receiver differential code biases and Yasyukevich et al. [27] shows the influence of GPS/GLONASS differential code biases on the determination accuracy of the absolute total electron content in the ionosphere. However, the time-varying characteristic of the bias in the code observation is not covered by the current studies and products. In order to further improve the accuracy of the code-based positioning, the time-varying characteristic of the code bias is investigated. Next the application of the code bias in single point positioning (SPP) is implemented to analyze the time-varying characteristic of the code bias. Finally, the research findings and outlooks are summarized.
Biases in the Code and Phase Observations
The biases in the raw, ionosphere-free and differenced ionosphere-free code and phase observations are discussed and their characteristic is analyzed. Meanwhile, the strategy for estimating the combined code biases is presented. Application of the estimated time-varying combined code bias in the positioning is discussed.
Biases in the Raw Code and Phase Combinations
For a triple-frequency user, the raw phase and code observations are written as:
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where ρ is the satellite-to-receiver range, T s r is tropospheric delay, I s r is the slant ionospheric delay of L1 observation, f i (i = 1, 2, 5) are the carrier frequencies of L1, L2 and L5, δ r and δ s are the receiver and satellite clock errors in meter, b s i (i = 1, 2, 5), which contains the constant and time-varying parts, are the satellite hardware delay biases of P1, P2 and P5 observations, b i r (i = 1, 2, 5) are the receiver hardware delay biases of P1, P2 and P5 observations, ε i (i = 1, 2, 5) are noises of L1, L2 and L5 observations, ω i (i = 1, 2, 5) are noises of P1, P2 and P5 observations, N i r (i = 1,2,5) are the ambiguities of L1, L2 and L5 observations, λ i (i = 1, 2, 5) are the wavelengths of L1, L2 and L5 observations, UPD i r (i = 1, 2, 5) are the receiver UPD of L1, L2 and L5 observations, UPD s i (i = 1, 2, 5), which contains the constant and time-varying parts, are the satellite UPDs of L1, L2 and L5 observations. It is difficult to compute the satellite or receiver hardware delay biases in the raw code observations and the UPDs in the raw phase observations using their corresponding observations.
Combined Biases in the Code and Phase Combinations
The code geometry-free combination is generally used to compute the ionosphere model parameters and DCB, which refers to the reference observation. The time-varying part of DCB is absorbed by the ionosphere model parameters so that the DCB (P1-P2) and DCB (P1-P5) products published by IGS are just the constant part. The UPD in the raw phase observation is correlative with the phase ambiguity and the fractional cycle part is generally computed based on PPP ambiguity results. However, the PPP ambiguity results are affected by the used products of PPP and the characteristic of the UPD is dominated by the used products and observations of the PPP user side. It is a complex procedure and issue.
Two groups of the ionosphere-free carrier phase and code observations for the triple-frequency GPS are formed as:
where
, ε 1,2 and ε 1,5 are noises of the ionosphere-free carrier observations L1/L2 and L1/L5, ω 1,2 and ω 1, 5 are noises of the ionosphere-free carrier and code observations of P1/P2 and P1/P5. The satellite biases in the P1/P2 and P1/P5 are:
The satellite biases in the L1/L2 and L1/L5 are:
Equations (3) and (4) show that the biases in the ionosphere-free carrier and code observations are the combined bias. Similar to the biases in the raw phase and code observations, it is impossible to compute the biases of b s are absorbed by the estimated, reparameterized satellite clock errors in satellite clock estimating. The differenced ionosphere-free phase [14] and code observations [28] are:
Equation (5) shows that the differenced ionosphere-free phase observation is the expression of the ambiguity and combined UPDs and the differenced ionosphere-free code observation is the combined hardware delay biases except the observation noise. The satellite combined biases in the differenced ionosphere-free code and phase observations are:
The defined IFCB is estimated with Equation (5). In IFCB computing, the constant part uses the differenced ionosphere-free code observation and the time-varying part uses the differenced ionosphere-free phase observation. The estimation method neglects the time-varying characteristic of the bias in the GPS code observation.
Estimation of the Combined Code Bias
Equation (5) indicates that it is difficult to separate the receiver or satellite combined code bias from their combination. Generally, the satellite-differenced observation is used based on the selected reference satellite. However, the rising and setting of the selected reference satellite results in the complexity of processing. The reference is also determined:
where b s 1,2,5 j is the combined code bias at observation station j; d is the number of the observation station. When this reference is introduced, the parameterization equation of the combined code bias is expressed as:
where I d×d and I t×t are identity matrix, e 1×d is a vector with each element is 1, t is the satellite number. The estimator of least-square adjustment is implemented to compute the epoch-wise combined code bias. In processing, the elevation-dependent weight is used:
where θ m is the satellite elevation at m epoch. The references of the estimated combined code biases for each satellite are consistent and it can be absorbed by the receiver clock in positioning so that the positioning result is not affected. The combined biases in the differenced ionosphere-free code observations differ from that of the raw and the ionosphere-free code observations and they can be computed using the corresponding observations. This is meaningful for studying the characteristic of the biases in GPS observation, especially that of code observation.
Validation of the Time-Varying Code Bias
The satellite-dependent biases are absorbed by the estimated, reparameterized satellite clock error in the satellite clock estimating [19] . Therefore, the code bias is very important for computing the reparameterized satellite clock of the corresponding observation. The combined bias for the differenced ionosphere-free combinations is named as IFCB and used to compute the reparameterized satellite clock errors of L1/L5 and P1/P5: is the estimated, reparameterized satellite clock error of L1/L2 and P1/P2. The combined UPDs of Equation (6), named phase based IFCB, is computed using the differenced ionosphere-free phase combination of Equation (5). Its time-varying characteristic is analyzed in Montenbruck et al. [14] . The combined hardware delay biases of code in Equation (6), is estimated as a constant for each day in Li et al. [28] . It is clear that the current studies neglect the time-varying characteristic of the bias in the code observations. This is bad for overall understanding of the code observations, their biases and their impact on the related application, for example positioning.
Data and Experiments
The twelve-month (1 January-31 December 2016) triple-frequency GPS data set from 114 IGS stations is processed to analyze the time-varying characteristic of the code bias and validate the presented approach. The distribution of the 114 IGS stations is shown in Figure 1 . Data is sampled at 30 s and cut-off elevation is set to 10 degrees. According to the presented method for estimating the combined code bias, the twelve-month single-day combined code biases are estimated. The single-day constant part of the combined code bias of b s 1,2,5 is computed with the IGS DCB products of DCB (P1-P2) and DCB (P1-P5) based on Equation (6), while it is computed with the mean of the estimated 24-h series using Equation (8) . One-year single-day b s 1,2,5 values estimated with the presented method for each satellite are analyzed using an FFT (fast Fourier transformation). Based on the observed periods, the 24-h arc b s 1,2,5 is fitted and modeled:
where a is a constant; e is the coefficient of linear term; i is the order of the harmonics; T i is the period; θ i is initial phase offset, and y i is the amplitude.
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which caused instability of the periods. One day (30 December 2016) estimated results of , , for PRN01, PRN06, PRN26 and PRN32 are illustrated in Figure 5 , which shows that the estimated combined code bias of , , is not the smooth curve and not similar to the combined phase bias of UPD , , . This can be explained by the effect of the noise including the multipath of the code observation on the estimated results. From Figure 5 , it can be seen that that the , , values for each satellite are different and vary with time, trend of which is different. The variation indicates the combined code bias of , , has the time-varying characteristic. This characteristic validates that the combined code bias cannot be replaced by the constant products of satellite DCB (P1-P2) and DCB (P1-P5), although it can be expressed by the function of these DCBs. It also shows that the single-day DCB (P1-P2) and DCB (P1-P5) have the variable characteristic and their time-varying parts are absorbed by the ionosphere delay model in estimating.
The constant part of , , computed with two methods of Equations (6) and (8) and their difference is shown in Figure 6 . The results in Figure 6 show that the IGS single-day DCB products have the characteristic of the long-term variation. Zhong et al [25] shows that this long-term variation is caused by the GPS satellite replacement. But the results in Figure 6 show that the one-year DCB products have the nonlinear feature except jump and this feature indicates that the factors, which cause the long-term variation, include others, for example the space environment. The difference between the two sets of estimated constant part of , , in Figure 6 indicates that the difference between the DCB products and the estimated , , using Equation (8) is obvious. This demonstrates that the combined code bias of , , can not be replaced by the DCB(P1-P2) and DCB(P1-P5) products. The constant part of b s 1,2,5 computed with two methods of Equations (6) and (8) and their difference is shown in Figure 6 . The results in Figure 6 show that the IGS single-day DCB products have the characteristic of the long-term variation. Zhong et al [25] shows that this long-term variation is caused by the GPS satellite replacement. But the results in Figure 6 show that the one-year DCB products have the nonlinear feature except jump and this feature indicates that the factors, which cause the long-term variation, include others, for example the space environment. The difference between the two sets of estimated constant part of b s 1,2,5 in Figure 6 indicates that the difference between the DCB products and the estimated b s 1,2,5 using Equation (8) is obvious. This demonstrates that the combined code bias of b s 1,2,5 can not be replaced by the DCB (P1-P2) and DCB (P1-P5) products. 
Peformance of SPP
To evaluate the presented method and validate the impact of the time-varying code bias on the satellite clock error, the performance of the computed satellite clock error with Methods 1, 2 and 3 in the P1/P5 based SPP is analyzed. In processing, the elevation-dependent weight of Equation (9) is used. The corrections such as Earth rotation, Earth tides and relativistic effects are implemented. The tropospheric delay is corrected using the Saastamoinen model. An estimator of least squares is used to solve the epoch-wise coordinates in Methods 1, 2 and 3. The IGS final orbit product is used in three strategies. The SPP solution with respect to the ground truth coordinates are computed for 
To evaluate the presented method and validate the impact of the time-varying code bias on the satellite clock error, the performance of the computed satellite clock error with Methods 1, 2 and 3 in the P1/P5 based SPP is analyzed. In processing, the elevation-dependent weight of Equation (9) is used. The corrections such as Earth rotation, Earth tides and relativistic effects are implemented. The tropospheric delay is corrected using the Saastamoinen model. An estimator of least squares is used to solve the epoch-wise coordinates in Methods 1, 2 and 3. The IGS final orbit product is used in three strategies. The SPP solution with respect to the ground truth coordinates are computed for three coordinates of north, east and up and the results for the three Methods are illustrated in Figure 7 . The RMSs of SPP solution for three coordinates of north, east and up are in Table 2 . Figure 7 and Table 2 show that the results for Method of 2 are better than that of 1. This demonstrates the accuracy of the constant part of the estimated combined code bias is better than that of DCB products and further indicates that the DCB products cannot be used to replace the constant part of IFCB. The results for the Methods of 2 and 3 show that the time-varying part of IFCB estimated with phase observation is better than that of code observation. This can be explained by the effect of the noise and multipath on the estimated code-based IFCB.
three coordinates of north, east and up and the results for the three Methods are illustrated in Figure 7 . The RMSs of SPP solution for three coordinates of north, east and up are in Table 2 . Figure  7 and Table 2 show that the results for Method of 2 are better than that of 1. This demonstrates the accuracy of the constant part of the estimated combined code bias is better than that of DCB products and further indicates that the DCB products cannot be used to replace the constant part of IFCB. The results for the Methods of 2 and 3 show that the time-varying part of IFCB estimated with phase observation is better than that of code observation. This can be explained by the effect of the noise and multipath on the estimated code-based IFCB. 
Prediction Performance
The single-day (9 December 2016) estimated , , of 12 satellites are used to extrapolate the values of the next days (10-28 December 2016) . The mean of the single-day , , of 9 December 2016 is used to extrapolate the constant of the next days (10-28 December 2016) and its time-varying part is used to fit the modeling coefficients of each satellite and the fitted coefficients are used to extrapolate the values of the next days (10-28 December 2016). The correction rate is defined as:
where RMSD is the RMS for the differences between the predicted and estimated values and the RMSE is the RMS of the estimated values. The means of 19-day single-day correction rates of the constant part for each satellite are shown in Figure 8 and the results for the time-varying part are shown in Figure 9 . Figure 8 indicates that the predicted constant part of , , reaches 98% and the attenuation of the predicted accuracy is much less evident. But the Figure 9 shows that the accuracy of the predicted time-varying part decreases significantly with the predicted time. 
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